Purpose To explore the clinical feasibility of predicting the efficacy of neoadjuvant chemoradiotherapy (nCRT) for rectal cancer on the basis of texture analysis (TA) of T2-weighted imaging (T2WI). Methods The cohort for this prospective study comprised 136 patients with rectal cancer to be treated with nCRT, all of whom underwent three MR scans (pre-, early, and post-nCRT). Treatment efficacy was assessed on the basis of the outcomes of pathologic complete response (pCR) and non-pCR as determined by postoperative pathological examination. Extraction and analysis of texture features in T2WI of defined tumor regions were performed by AK software. Pre-and early-nCRT texture features were selected as potential predictors of outcomes by logistic regression analysis, and a prediction model for pCR was developed. A receiver operating characteristic (ROC) curve was used to assess the predictive power of texture features in pre-and early-nCRT images.
Introduction
Rectal cancer, one of the commonest malignant tumors of the digestive tract, has caused increasing morbidity in the past few years [1] . Its treatment outcomes have been significantly improved by neoadjuvant chemoradiotherapy (nCRT) [2] , which can result in pathological complete remission (pCR) [3] . It also greatly reduces rates of local recurrence and distant metastasis of rectal cancer [4] . American cancer network guidelines state that concurrent preoperative nCRT and not surgical treatment alone should be the first choice for advanced rectal cancer [5] . However, there are significant individual variations in response to preoperative nCRT, and ineffective treatment may result in unjustified toxicity and a delay in more effective treatment [6, 7] . Therefore, early identification (before treatment or 2-3 weeks after starting nCRT) of patients who may benefit from nCRT is vital [8] .
Magnetic resonance imaging (MRI) has been designated as the primary imaging method for preoperative evaluation of rectal cancer by National Comprehensive Cancer Network (NCCN), because of its inherent advantages of high resolution in soft tissue and multiparametric imaging techniques [9] . MR T2-weighted imaging (T2WI) is widely used to assess the degree of tumor regression on the basis of morphological changes. Taylor et al. have reported that more than 70% of tumor volume changes detected by T2WI denote tumor responses [10] as determined by morphological evaluation by MRI. However, these findings may underestimate the difficulty of determining the margin between residual tumor and surrounding normal tissues and of differentiating between residual tumor and fibrosis after nCRT, on the basis of morphological changes only. More sensitive and reliable MRI biomarkers are needed to evaluate the efficacy or predict early responses to treatment in clinical practice.
Recently, a new imaging biomarker, texture analysis (TA) has been used to determine image eigenvalues of spatial-temporal heterogeneity in tumor imaging. TA has been used to assess the severity, progression, and response to therapy of quite a few diseases [11] [12] [13] [14] . A preliminary study demonstrated that TA based on MRI can be used to evaluate the response of patients with rectal cancer to nCRT [7] . However, to the best of our knowledge, texture features at different intervals after nCRT have not been studied.
Accordingly, the purpose of this study was to identify texture features on T2WI images at different time points that are useful for evaluating response to nCRT in patients with rectal cancer.
Materials and methods

Patients and study design
This study was approved by the Ethics Committee of Zhejiang Provincial People's Hospital, and written informed consent was obtained from all patients. From February 2014 to April 2017, 177 consecutive patients were prospectively enrolled. All participants had histologically proven rectal adenocarcinoma and locally advanced tumor stage II (cT3-4, N0, M0) or III (cT1-4, N+, M0). Inclusion criteria were as follows: lower margin of tumor less than 12 cm from the anal verge on rectal examination; normal preoperative hepatorenal function, routine blood tests, and cardiopulmonary function; no contraindications to chemotherapy or surgery; no preoperative severe heart, lung, or cerebrovascular disease; and no evidence of distant metastases. Forty-one of the original cohort population were excluded for the following reasons: seven patients did not undergo three magnetic resonance examinations, five did not complete nCRT, 17 patients did not complete surgery, two lacked postoperative pathological results, and 10 had MRI motion artifacts. Therefore, a total of 136 patients were included in this study. A flowchart of patient enrollment is shown in Fig. 1 .
MRI studies
All enrolled patients were scanned by a 3.0T MR (Discovery MR 750; GE Healthcare, Waukesha, WI, USA). Axial T2WI FR-FSE sequences were used. The slice thickness was 3 mm; interval: 0.3 mm; TR/TE: 350-5000 ms/115 ms; FOV: 18 cm × 18 cm; pixel matrix: 256 × 256; and ETL: 20. Images were acquired in three directions, sagittal, oblique coronal (parallel to the long axis of the rectum), and oblique axial (perpendicular to the long axis of the tumor). After that, axial SE DWI echo-planar imaging sequences with background body signal suppression were acquired at b values of 0 and 800 s/mm 2 . Subsequently, axial three-dimensional LAVA DCE-MRI images were acquired. The first MRI examination was performed to assess tumor stage one day prior to commencing nCRT, the second MRI to assess early-treatment response in the third week of nCRT, and the third to monitor the response at the end of nCRT. Between 6 and 8 weeks after undergoing nCRT, patients underwent total mesorectal excision (TME) performed by an experienced abdominal surgeon (more than 10 years of experience). As our study aimed at prediction and early assessment of tumor response to nCRT, the focus was on analyzing preand early-MR findings.
Neoadjuvant chemoradiotherapy
The nCRT comprised radiotherapy at a dose of 2.0 Gy/day, 5 days per week for 5 weeks, the total dose being 50 Gy delivered in one posterior and two lateral positions. Chemotherapy was administered simultaneously with the radiotherapy and comprised intravenous oxaliplatin at 50 mg/m 2 per week and oral capecitabine at 825 mg/m 2 per day, 5 days per week for 5 weeks. All enrolled patients successfully completed the planned nCRT.
Postoperative pathological evaluation
Surgical excision specimens were evaluated by a pathologist (5 years' experience). Pathological grading was conducted according to the following criteria for histopathology after radiochemotherapy proposed by Dworak et al. [15] : tumor Regression Grade 4, TRG4-tumor cells have been completely eradicated, with no viable tumor cells observed and fibrosis only being observed; TRG3-tumor cells appear to be absent, more than 50% of tumor cells appear to be degenerate, and there is accompanying obvious fibrosis of tumor tissue; TRG2-there is a moderate reduction in the number of tumor cells and significant fibrosis in 26-50% of 1 3 tumor tissue; TRG1-the absence of morphological change in tumor tissue and significant fibrosis in less than 25% of tumor tissue; and TRG0-no reduction in the number of tumor cells. Modified TRG categories based on Dworak et al.'s definition were used to separate the patients into pathologic complete response (pCR; TGR4) and non-pCR groups (all other TRG categories).
Image segmentation and extraction of features
Manual segmentation of the MRI images was performed independently by two radiologists (A and B, with 7 and 10 years of experience in abdominal MRI interpretation, respectively). Regions of interest (ROI) were placed at the tumors and manually delineated to cover the largest tumor regions of the rectal cancers. DWI and LAVA were used as references to ensure accurate ROI positioning (Fig. 2) . The radiologists were blinded to the histopathological findings. If there was no definite residual tumor after nCRT, especially in the case of complete remission, the ROI was placed on the intestinal wall furthest from the initial tumor.
Within the ROIs, histogram features were extracted using the AK software (Anolysis Kit, GE Healthcare, China). Features were extracted independently by the same two radiologists who performed image segmentation in a blinded fashion. Interobserver reproducibility of extraction of features between these two radiologists was initially analyzed. In addition, to assess intraobserver reproducibility, Radiologist A repeated the features extraction twice during a 2-week period following the same procedure. The following histogram features were extracted: Variance where X is the mean of X. 
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Statistical analysis
All data were analyzed using SPSS 20.0 and MedCalc software. Enumeration data are expressed as a percentage, and measurement data as mean ± standard deviation (SD). Kolmogorov-Smirnov was used to test data normality. Texture features were compared between pCR and non-pCR at different time points by independent sample t test. The texture features were also compared between the two groups at the same time points by independent sample t-test. P < 0.05 was considered to denote statistical significance. The texture Fig. 2 a, b The ROI ranges of the tumors pre-and early-nCRT in T2WI images, respectively. c, d The tumor regions extracted by AK software features that differed significantly between different time points and at the same time point were selected. Cutoff values for these features were determined and classified into two categories by receiver-operating characteristic (ROC) curves, after which the texture features at the times of preand early nCRTs were analyzed to predict pCR group by multifactor logistic regression analysis. The same method was used to predict the pCR group by the combined features of pre-and early nCRTs. The constructed model predicts the pCR group, and the ROC curves were used to evaluate the diagnostic performance.
Results
Clinical characteristics and results of neoadjuvant radiochemotherapy
The 136 study patients comprised 84 men and 52 women of mean age 59.3 years (33-77 years). Seventy-six of these patients had low rectal (56%) and 60 middle rectal adenocarcinoma (44%). TRG4 was achieved in 36 patients (26%), TRG3 in 24 (18%), TRG2 in 28 (21%), TRG1 in 36 (26%), and TRG0 in 12 (9%). Thus, the 36 patients who achieved TRG4 grade had pathological complete responses (pCR group), the remainder comprising the non-pCR group (n = 100). Detailed clinical characteristics are listed in Table 1 .
Interobserver and intraobserver reproducibility of extraction of radiomics features
The intraobserver ICC calculated from Radiologist A's two sets of measurements 0.753-0.914. The interobserver agreement between Radiologist A's first measurements and Radiologist B's measurements were in the range of 0.724-0.898, indicating acceptable intra-and interobserver reproducibility of extraction of features.
Statistical analysis of texture values at different and the same time points of neoadjuvant chemoradiotherapy
The texture features of skewness, entropy, and energy of pre-nCRT and of variance, kurtosis, energy, and entropy of early nCRT were differed significantly between the PCR and non-PCR groups; in addition, in the pCR group these texture features differed significantly between the pre-nCRT and early-nCRT periods. Details are presented in Table 2 and Figs. 3 and 4 . 
Diagnostic efficiency of texture features that differed significantly between pre-and early nCRTs
The cutoff values for entropy, energy, and skewness in the pre-nCRT period were 7.07763, 0.00919, and 0.30657, respectively, and the AUC 0.729, 0.751, and 0.733, respectively. The cutoff values for kurtosis, variance, entropy, and energy in the early-nCRT period were 3.99289, 2005.16, 5.98335, and 0.012682, respectively, and AUC 0.809, 0.72, 0.744, and 0.716, respectively. Full results are listed in Table 3 and Fig. 5a , b. 
Logistic regression analyses of prediction of PCR
In the pre-nCRT period, energy was identified as an independent predictor of pCR by multifactor logistic regression analysis. For distinguishing between the pCR and non-pCR groups by energy, the AUC was 0.751, sensitivity 66%, and specificity 87.22%. Multivariate analysis revealed that independent predictors of pCR comprised kurtosis, entropy, and energy in the early-nCRT period; ROC curves to determine the efficacy of these features in predicted pCR showing an AUC of 0.831, sensitivity of 71%, and specificity of 86.11%. A new model was then built that combined all the independent risk factors in the pre-and early-nCRT periods, for this the AUC was 0.873, sensitivity 75%, and specificity 91.67%. Full results are listed in Table 4 and Fig. 6 .
Discussion
Our results show that texture analysis based on T2WI images can predict sensitivity to nCRT of patients with rectal cancer. In particular, a combination of pre-and early-treatment texture features were identified as the best independent predictors for distinguishing between the pCR and non-pCR groups, potentially enabling adjustment of treatment and timely planning. TA refers to a variety of image processing methods that seek to describe the relationships between the gray-level intensity of pixels and their positions within an image [16] . In tumor imaging, TA allows for quantitation of intratumoral heterogeneity based on the distribution of gray-level values (histogram variables) within a given ROI. Heterogeneity of malignant lesions is known to correlate with tumor aggressiveness. TA has recently been recognized as a promising tool in cancer research. In particular, it has been shown to be of value in predicting the response of rectal cancer to nCRT [17, 18] . However, the stability of such predictions remains unsatisfactory. More reliable means of predicting response of rectal cancer to nCRT would confer a significant leverage in determining the optimal line of treatment for these patients. Our results demonstrate the ability of TA assessed at different time points to provided quantitative measures for predicting response of rectal cancer to nCRT; we found that energy, entropy, and skewness in the pre-nCRT period are independent predictors of tumor response. The identification of entropy and energy is consistent with the findings reported by Meng et al. [19] ; however, they did not identify skewness. We speculate that this inconsistency may be associated with the use of different analysis software and also the baseline characteristics of the participants. Theoretically, skewness reflects asymmetry of the distribution of gray-level intensity of pixels within a given ROI: higher values of skewness reflecting greater complexity of the ROI texture and indicating greater heterogeneity of a lesion [20] . Our study included a higher proportion of patients with considerable tumor heterogeneity, which indicates greater skewness. Thus, the skewness may be more suitable for predicting response to nCRT of tumors, which found pretreatment to be highly heterogeneous.
We also identified kurtosis, variance, entropy, and energy as independent predictors in early treatment, kurtosis being the best of these, having an AUC of 0.809. This finding is in agreement with De Cecoo et al.'s report that kurtosis is the best predictor in the pre-nCRT period [21] . Kurtosis reflects peakedness and tailedness of the histogram and is related inversely to the number of features included [22] ; rectal cancers with smaller peaks have lower rates of response to Table 4 Logistic regression analyses of predicting nPCRs in different time points
Note
Pre-nCRT and early-nCRT models defined as the independent texture features of pre-and early nCRTs were applied to develop a predicted model for the pCR by Multivariable logistic regression analysis, respectively; Combined model defined as the union the independent texture features of pre-and early nCRTs to develop a predicted model for the pCR 6 ROC curves analyzing the discriminatory powers of the three models in distinguishing between pCR and non-pCR treatment [23] . Thus, changes in kurtosis at an early stage of treatment may best reflect changes in tumor heterogeneity, potentially meaning that kurtosis should be the main feature for predicting response of rectal cancer to early nCRT. In addition, in our study, we used T2WI images for feature extraction on the basis of the results of De Cecoo et al.'s study result. T2WI offers a high signal-to-noise ratio, spatial resolution, and soft tissue contrast [24] . Also, MRI under high field intensity reduces the influence of noises, especially those biological heterogeneities that affect texture analysis [25] . Accordingly, texture analysis of high resolution images could reveal subtle alterations in the structure of the tissue caused by cancer. On the other hand, T2WI images enable tumor grading, aiding radiologists, and oncologists in selecting treatment. Thus, histogram analysis based on T2WI images may be a more useful aid to making treatment decisions.
In addition, we used a logistic regression model to perform texture analysis at different time points to maximize the stability of our prediction models. Prediction models in pre-and early nCRTs separately, as well as in a combination of these time periods, we found that both energy and entropy are independent predictors. In the pCR group, entropy was significantly higher before treatment than in early nCRT, indicating that treatment had an effect on tumor regression. These results are consistent with other's findings regarding a decrease in entropy values with reduction in a tumor's malignancy [26] . After nCRT, rectal tumor tissue demonstrates varying degrees of coexistence of fiber tissues with viable tumor cells; entropy reflects the intensity of spatial distribution [27] and has been found to be more sensitive to image changes than other texture features. These findings also indicate that after treatment tumor tissue in the pCR group displays the simplest internal change, that is, complete fibrosis. Energy may reflect the homogeneity of the normal tissue in an image. Greater changes in cells and tissues in response to treatment may correlate with the lower heterogeneity in pCR [28] . Subsequently, the inhomogeneity in an image would be further decreased, making changes in energy the most sensitive indicator of this process and explaining why energy and entropy are both independent predictors in the pre-and early nCRTs.
Combining pre-and early-treatment MRI data for analysis, unlike in another recent study [29] , was another factor that contributed to the robustness of our model. To the best of our knowledge, combining texture analyses at different time points to predict the response of rectal cancer to nCRT has not previously been reported. We found that this combined texture analysis provided a more effective predictor than texture analysis of the pre-or early period only. This combination is reflective of clinical practice and encompasses the diagnosis and treatment process. Most importantly, early-treatment MRI data represent the current status of the tumor after chemoradiotherapy, whereas the data provided by posttreatment MRI scans correspond more closely with pathologic findings in surgical specimens. Hence, including pre-and early-treatment MRI data improves the model's reliability in detecting pCR, potentially enabling clinicians to make a more comprehensive judgment on whether a wait-and-see-treatment approach is warranted.
Our study has some limitations. First place, the small sample size may decrease the generally applicability of our findings. Larger prospective studies are necessary to determine the relevance and robustness of the texture features of rectal cancer. Another limitation is that texture was analyzed only at the level of the largest tumor area and within the fused ROI of upper and lower surfaces, and thus did not represent the overall morphology of the tumor. Unlike solid organ tumors, rectal cancer usually grows along the rectal wall and forms an irregular shape; thus, the whole volume of interest generated from ROIs of consecutive sections may not accurately represent the real shape. Last but not the least, because of time limitations, analysis was performed only of prediction of changes in heterogeneity of tumors; we did not evaluate the predictive value of these texture features for patient survival.
In conclusion, the T2WI image-based texture variables of entropy and energy may be valuable for predicting the efficacy of nCRT in rectal cancer. In addition, early nCRT is the optimal time for predicting response of rectal cancer to nCRT. Texture analysis shows potential as a clinical prognostic tool.
